Abstract: Four in situ experiments on sediment erosion characteristics were conducted at the Anacostia River that runs through Washington, D.C. Supplemental erosion rate data were also obtained by carrying out five laboratory experiments using sediment samples collected at the field. In laboratory experiments, the sediment samples were mixed with tap water and placed in the flume to form beds for finding the difference in terms of erosion characteristics caused by different sediment composition among the five samples. This approach enables the finding of erosion characteristics for the entire tidal Anacostia River with limited resources. The in situ measured critical bed-shear stresses cr for erosion at the water-sediment interface z = 0 varies from 0.03 to 0.08 Pa. Field results indicated that cr ͑z͒ increases with the depth z and becomes more than 0.6 to 0.7 Pa with an erosion thickness of less than 1 cm. Sediment beds prepared at a laboratory appear having an upper limit on how much cr ͑z͒ can be developed.
Introduction
The Anacostia River, located in Maryland and the District of Columbia, with a total watershed of 450 km 2 , has been identified as one of the 10 most contaminated rivers in the United States and also one of the three areas of concern for the Chesapeake Bay. The watershed is composed of three main drainage areas-the northeast branch, the northwest branch, and the tidal river. These two branches converge and form the tidal Anacostia River ͑Fig. 1͒, which flows 13.4 km through Maryland and Washington, D.C. until it meets the Potomac River at Hain's Point.
To effectively assess and manage contaminated sediments in this river, it requires a comprehensive understanding of sources and distributions of contaminants, fate and transport properties including sediment erosion and depositional patterns, and human and ecological resource use. This extensive effort requires the participation of federal regulatory and resource agencies, state and local environmental agencies, industry, academia, and the public. Thus, the Anacostia Watershed Toxics Alliance, a publicprivate partnership with about 25 members, was formed in 1999 to address the problem of toxic sediments in the tidal Anacostia River. A three-phased approach is being executed. Phase I consisted of a compilation and evaluation of existing data from various investigations in the river; Phase II is a focused investigation to address critical data gaps; and Phase III is the development and implementation of a comprehensive contaminated sediment management strategy with associated cost estimates. This study is one of the projects in Phase II to provide the critical needed erosion rate information. With the current restoration effort to improve the water quality, the knowledge on sediment erosion characteristics, among others, would be essential for a better plan of restoration.
The current capability of hydrodynamic simulation is more advanced than that for fine sediment dynamics. The four major processes ͑erosion, settling, deposition, and consolidation͒ related to fine sediment dynamics are not well understood yet because of the significant variation among sediment physical properties, ambient hydrodynamic conditions, chemical reactions, and benthic bioactivities ͑Wright et al. 1997͒ . In other words, each system may have a different response because of the varying natural environments.
Many devices have been used to obtain sediment erosion characteristics. For example, a few investigators have developed flumes capable of conducting field deployment ͑Young and Southard 1978; Amos et al. 1992; . These in situ devices can have the experiments conducted without much disturbance to the natural conditions. However, they require a high initial investment and a high operation cost. Many laboratory devices have also been developed ͑Burt and Game 1985; Williamson and Ockenden 1996͒ for the purposes of reducing the initial investment and the operation cost. Comparisons between the results for some of the devices have been studied ͑Lee and Mehta 1994; Cornelisse et al. 1997; Gust and Muller 1997; Tolhurst et al. 2000; Sills et al. 2006͒ . Clearly, the best way to study sediment erosion characteristics is to carry out in situ experiments because all of the affecting parameters would be the same when an in situ experiment is carefully performed. For this reason, field experiments using the VIMS Sea Carousel ͑Maa et al. 1993͒ were conducted to address sediment erosion behavior in the Anacostia River. Because of the budget restrictions, however, laboratory experiments were used to provide supplemental data for a general understanding of the spatial variability of the sediment erosion characteristics. This study demonstrates how to link the results from in situ experiments and supplemental laboratory experiments.
Experiment Sites
Four sites ͑S1 to S4͒ at the downstream side of the E. Capital Bridge on the Anacostia River ͑Fig. 1͒ were selected for carrying out in situ experiments. This is because the small bridge vertical clearance prohibited our R/V Bay Eagle to go further upstream. For this reason, sediment samples ͑about 10 gal each͒ at five sites ͑L1 to L5͒ were collected to carry out supplemental laboratory experiments. This arrangement was also a compromise of budget limitation, vessel requirement, and the need to understand the erosion rate difference in terms of sediment compositions for the entire river. Among these five sediment samples, two were collected at the in situ experimental sites ͑S3 and S4͒ for carrying out additional laboratory tests and referenced as L3 and L4.
Results of the two different kinds of experiments ͑i.e., S3/L3 and S4/L4͒ will provide guidance on how to interpret the results from laboratory experiments for other sites ͑L1, L2, and L5͒. Thus, a general picture of the spatial variability of sediment erosion rate along the tidal Anacostia River would be available for further model simulations on sediment and associated pollutant transport in this river.
Sediment Composition
Results of grain size analysis for the sediment samples collected at selected experimental sites are given in Table 1 . It indicates a gradual increase of clay content from the upstream site to the downstream site. Most of the sediment samples had about 50% of clay, except at the most upstream site ͑L1͒ that had about 20% of clay. This information implies that the erosion process is controlled by the electric static force among clay particles/flocs rather than the weight of sediment particles. The significant difference in terms of clay content between Site L1 and others may contribute to the different erosion behaviors that will be presented later.
Results of X-ray diffraction tests for identifying clay minerals indicate that the spatial variation of clay minerals along this river is small, and on average, the fine sediments ͑particles finer than 4 m͒ are mainly composed of kaolinite ͑34%͒, illite and mica ͑35%͒, quartz ͑15%͒, chlorite ͑7.3%͒, and others ͑plagioclase, k-feldspar, pyrite, and goethite for a total of 8.7%͒.
In Situ Experimental Device-VIMS Sea Carousel
The VIMS Sea Carousel ͑Maa et al. 1993͒ has an inside diameter of 2.0 m and an outside diameter of 2.3 m. The cross section ͑widthϫ height͒ is 0.15 m ϫ 0.1 m. The driving force for water flow ͑and, thus, the bed-shear stress͒ is provided by the rotation ring on top of the flume. The responses of the seabed, e.g., erosion, and consequently, the change in suspended sediment concentration ͑SSC͒ within the flume, is measured by two optical backscatter sensors ͑OBSs͒ ͑Downing 1983͒ mounted at the middle elevation of the inner wall. These two OBSs ͑OBS1 and OBSN͒ were calibrated using an in situ calibration procedure, and the details are given in Maa et al. ͑1993͒. With two OBS sensors operated at different sensitivity, a large range of SSC can be covered, and still have enough resolution for low SSC. For the incipient tests described later, only the OBS with a high sensitivity ͑OBS1͒ was used because of the low SSC. Notice, however, the OBS with a low sensitivity ͑OBSN͒ was not ready for use at Site S3, which was the first site in this series of field experiments.
The carousel was lowered into the water slowly to allow the buildup of air pressure in the motor house to prevent water intrusion. It used its own weight ͑about 200 kg in water͒ to penetrate into the sea floor and build up an annular flume. A bearing plate prevented it from sinking into soft mud beds. Deployment of the carousel was usually carried out during a slack tide being careful not to seriously disturb the bottom fluffy sediment. The spatialaveraged bed-shear stresses b caused by the rotating ring can be calculated as b = 0.0114 ⍀ mum variation of b in the radial direction is about 15% of the average value at a bedshear stress of 0.8 Pa. For a smaller b , the radial variation is smaller accordingly. The ring speed was calculated using the speed output voltage provided by the motor controller and a calibration equation. Notice that b used in this study represents the bed-shear stress for a flat, smooth bed. The actual b may be slightly different because of the possible rough bottom. There are two types of tests at each field site: an incipient test and an erosion rate test. The incipient test starts with a small b and uses a small increment of b ͑e.g., b1 ϳ 0.02 Pa and ⌬ b Ͻ 0.02 Pa͒ to identify the critical bed-shear stress for sediment resuspension cr at the water-sediment interface. The erosion rate test starts with a relatively large b and uses a large and unequal ⌬ b ͑e.g., b1 ϳ 0.2 Pa and 0.05Ͻ⌬ b Ͻ 0.2 Pa͒ to find the erosion rate. All of the operation parameters ͑ring speeds and durations͒ were preprogrammed and only minor modifications were possible during the experiment. Details of the criterion for selecting the critical bed-shear stress and the method for finding the erosion rates can be found in Maa and Lee ͑1997͒ and Maa et al. ͑1998͒.
Many field experiments using the VIMS Sea Carousel have been conducted in the Upper and Lower Chesapeake Bay sites ͑Maa and Lee 1997; Maa et al. 1998; Maa and Kim 2002͒ , on the inner shelf of the Atlantic Bight near Duck, North Carolina ͑Maa et al. 1993͒, and in San Diego Bay ͑Maa and Chadwick 2006͒. These experiments showed that the carousel is a reliable instrument for carrying out field experiments in shallow water areas. The experimental results provide realistic bottom boundary conditions for scientific and engineering applications, e.g., better modeling of sediment transport ͑Kwon et al. 2006͒.
Laboratory Experimental Device-VIMS Lab Carousel
Laboratory experiments were carried out at VIMS using the lab carousel that has exactly the same dimensions as the VIMS Sea Carousel. The original objective for building the lab carousel was to confirm the predicted characteristics of hydrodynamic and bedshear stress distributions in the Sea Carousel ͑Maa et al. 1995͒, but it was perfect for carrying out supplemental experiments to identify the difference of sediment erosion characteristics in terms of sediment composition.
The flow driving mechanism for the lab carousel was exactly the same as that used in the Sea Carousel. The way to drive the shear plate was rather simple in the laboratory, because of no need to protect the driving gears from water. The other difference was that there is no water leakage in the lab carousel because of the flume design and the operation in laboratory environment.
The lab carousel was also controlled by a personal computer and used the same model of motor controller and data acquisition system. The control software was also similar to that used for the Sea Carousel.
The collected sediment slurry ͑about 10 gal from each site͒ was mixed with about 5 gal of tap water ͑because it is freshwater in the Anacostia River͒ and then placed in the laboratory carousel. While all the sediment was in the flume, it was further mixed manually to make a reasonably uniform slurry. The slurry was then left to consolidate for 5 days. A relatively smooth bed with a thickness of about 3 cm was obtained by using this procedure. All five sediment beds were processed exactly in the same manner in order to compare the experimental results among each other.
This bed preparation procedure was not intended to reproduce a bed that is close to that in the nature environment. By comparing the laboratory experimental results for L3 and L4 with those from in situ experiments carried out at sites S3 and S4, a correct interpretation of the laboratory results can be achieved. For this reason, the bed preparation procedure would not be a critical issue, and the only requirement is that all the beds for laboratory experiments should be prepared in the same manner.
Field Experimental Results-cr at Sediment Surface
The SSC inside the VIMS Sea Carousel changed only when sediment was stirred up from the bed. When the change of SSC was more than a critical level ͑more than 10 mg/ L͒ and continued to increase for the next few high bed-shear stresses, we then defined that the average of the first two successive bed-shear stresses that cause the increase of SSC is the critical bed-shear stress at the sediment surface. This definition is rather subjective, but it serves well to identify "when" the sediment bed starts to respond to the applied bed-shear stress. Fig. 2 shows an example of the results for measuring the critical bed-shear stress cr at the sediment surface at Site S1. The first bed-shear stress 0.023 Pa, although small, stirred up surficial fluff and caused a temporary rise of the SSC reading ͓Fig. 2͑b͔͒. The reading, however, decreased slowly until b = 0.0375 Pa. The SSC increased a little but not more than 10 mg/ L. After b reached 0.0486 Pa, the SSC increased more than 10 mg/ L and continued to increase for the following higher bed-shear stresses. Thus, cr at the sediment surface was determined to be 0.043 Pa.
After the experiment for measuring cr at the sediment surface, the experiment for measuring the erosion rate was immediately started. Details of the erosion rate experiment will be given later in the next section, and here the results of a duplicate experiment for measuring cr are presented first ͓Fig. 2͑c͔͒. After the erosion rate experiment, the carousel was lifted and the R/V Bay Eagle was moved about 5 m. The carousel was then redeployed to conduct a duplicate test. The same conclusion of cr = 0.043 Pa was obtained. This duplication is a demonstration of the repeatability of the experiment. At the other site ͑S3͒, slightly different cr s were found ͑0.089 and 0.082 Pa͒, and, thus, the average was used. Because of the consistent results from these two duplicate experi- Fig. 2 . Experiments to identify the critical bed-shear stress at the water-sediment interface at Site S1; ͑a͒ bed-shear stresses; ͑b͒ measured SSC in the flume for the first test; ͑c͒ measured SSC for the duplication test ments for supporting the repeatability, there were no more duplicated experiments conducted at Sites S2 and S4. In summary, the cr was found to be 0.043, 0.067, 0.085, and 0.033 Pa at sites S1, S2, S3, and S4, respectively.
Field Experimental Results-Erosion Rate
An example of the responding SSC within the flume observed at Site S1 is given in Fig. 3 . A general pattern observed from the erosion rate tests was that within a constant b ; the SSC increased for the first few minutes and then decreased. This phenomenon was also observed in all other tests carried out elsewhere ͑Maa et al. 1993; Maa and Lee 1997; Maa et al. 1998; Maa and Kim 2002; Maa and Chadwick 2006͒ . This phenomenon can be described using Eq. ͑1͒, which shows the change of SSC as the result of a decreasing erosion rate with time ͑Yeh 1979; Fukuda and Lick 1980͒ and a constant leakage of water from the rotating ring ͑Lee 1995͒
where A ͑10,132 cm 2 ͒ϭarea covered by the annular flume; h =10 cmϭchannel depth; cϭSSC in g / cm 3 ; tϭtime in sec; Q L ϭleakage rate of water in cm 3 / sec; E o ϭerosion rate constant ͑in g / cm 2 / sec͒; and ϭtime rate constant ͑in s −1 ͒. The leakage was caused by the dynamic pressure difference and the imperfect sealing between the rotating ring and the two sidewalls. Since the dynamic pressure difference is induced by the rotating ring, it is related to the ring speed ͑i.e., b ͒. Therefore, the leakage rate can be assumed as a constant for a given constant b . Lee ͑1995͒ showed that the distribution of suspended sediment is almost uniform within the flume for fine-grained sediment. Thus, the leakage of sediment mass can be described as the last term in Eq. ͑1͒.
In the analytical solution of Eq. ͑1͒, there are three unknown parameters: E o , and Q L . A nonlinear least-squares fitting technique using the form of the analytical solution with N concentration data points ͑c i and t i , i =1,2, ... ,N͒ within a constant b was carried out to estimate the three unknown parameters. Details of the data analysis can be found in Maa and Lee ͑1997͒ and Maa et al. ͑1998͒. Fig. 4 shows an example of the least-squares fitting using data from Site S1, with a constant b = 0.198 Pa. The estimated constants E o , , and Q L are also listed in the figure. Other in situ experimental results are summarized in Fig. 5 .
The time constant varies between 0.002 and 0.008 and has an average of 0.005 s −1 ͓Fig. 5͑b͔͒. This is an indication that erosion is a fast process because e −t approaches zero with = 0.005 s −1 and t Ͼ 1,500 sec ͑25 min͒. Thus, the erosion process can be considered to cease at the end of all the applied bed-shear stresses given in our experiments. For this reason, the difference between any two successive bed-shear stresses is the excess bedshear stress ex and the erosion rate obtained for each applied b can be correlated with the ex .
Lab Experimental Results-cr at Sediment Surface
Similar to the in situ experiments, the first type of laboratory experiment was to identify cr at the water-sediment interface. The procedure used for laboratory experiments was also similar to that used for the field experiments, and, thus, not duplicated. No- Fig. 3 . Example of experimental raw data for finding the erosion rates at Site S1 Fig. 4 . Results of nonlinear data fitting for finding the erosion rate constants for a given constant bed-shear stress. Experimental data are diamonds and the solid line is the fitted curve. tice that the initial SSC was low, around 10 mg/ L, because of the calm water condition in the laboratory. For this reason, a high resolution to define the cr at the sediment surface is possible and given as "a b that causes the SSC to change more than 2 mg/ L and continues to increase for the next few higher bed-shear stresses."
An example of the experimental results of measuring cr at the sediment surface for sediment sample from Site L5 ͑Fig. 6͒ indicates that during the first six bed-shear stresses, the SSC remained about the same. The SSC reading started to increase after b = 0.076 pa, and continued to increase after this b . Thus, the critical bed-shear stress at the sediment surface was determined to be 0.085 Pa. In summary, cr was found to be 0.14, 0.1, 0.1, 0.085, and 0.085 Pa for sediment samples from experiments L1 to L5, respectively. In general, the cr at the sediment surface was high ͑0.14 pa͒ at the upstream side, decreased at the middle section ͑0.085 Pa͒, and then increased again to 0.1 Pa on the downstream side.
Lab Experimental Results-Erosion Rate
For the laboratory erosion rate experiments, only the results from the OBSN were used because of the relatively high SSC in the laboratory flume ͑Fig. 7͒. This was because of no water leakage at the laboratory and all the eroded material remained in the laboratory carousel. In Fig. 7͑b͒ , between 0 Ͻ timeϽ 150 min, the SSC scale is marked on the left side. After 150 min, the SSC scale is marked on the right side. With this kind of data display, a clear change of SSC can be seen for the entire erosion experiment. It was observed that the OBSN saturated after 225 min, and the decrease in the SSC reading after that time was caused by the nonlinear response at high SSC. For this reason, data after 225 min were not used.
The bed responses for the first three b s were that the SSC increases significantly for the first several min and then approaches a plateau. This phenomenon was also observed in other laboratory tests and described by Parchure and Mehta ͑1985͒ as Type I erosion behavior. This phenomenon can be described by using Eq. ͑1͒ without the leakage term ͑i.e., Q L =0͒. The solution technique presented for analyzing in situ data can also be used for finding the two parameters ͑E o and ͒ that describe the laboratory results. An example of the least-squares fitting using data from Site L1 ͑Fig. 8͒ shows that E o = 7.1ϫ 10 −7 g / cm 2 / s and = 0.00139 s −1 . The second pattern observed was that the SSC increased over time with a nearly constant rate. This kind of behavior is usually observed when b is larger than the bed erosion resistance e ͑z͒, and e ͑z͒ is a constant. In general, e increases with the distance z, which is counted downward from the water-sediment interface. If e reaches a maximum resistance emax , at an elevation z m , then this kind of behavior can be observed. Parchure and Mehta ͑1985͒ first pointed out this as a "Type II" erosion behavior.
For Type II erosion behavior, Eq. ͑1͒ is still applicable. The value of , however, is small ͑roughly an order of magnitude smaller than that for the Type I erosion behavior͒. For example, = 0.00011 s −1 for the Type II erosion ͑Fig. 9͒. For this reason, might be used as an index to determine if the erosion behavior is Type I or II. All the laboratory erosion experiments started with a b that was larger than e at the sediment surface ͓i.e., e = cr ͑z =0͔͒. As the erosion proceeded, e from the newly exposed sediment also gradually increased, and eventually the e for the newly exposed sediment equals b , and, thus, the excess bed-shear stress ex ͑= b − e ͒ approached zero. As a result, erosion ceased and the SSC did not increase anymore ͑Type I behavior͒. When e approached the emax and the given b is larger than the emax , the ex will always be larger than zero and erosion will continue forever. The outcome was that the SSC would always increase with time ͑Type II behavior͒. If the ex is a constant, then SSC will increase with time linearly. In the experiment L1, we observed a clear transition from Type I to Type II ͑Fig. 10͒, and the emax for the sediment bed prepared was around 0.5 Pa.
Summary of the analyzed results for the laboratory erosion experiments ͑Fig. 11͒ indicates that the erosion rate constants E o were about the same for experiments L2 to L5. For experiment L1, the erosion rate was about one order of magnitude lower than those obtained from other experiments. This difference may be attributed to the relatively low clay content ͑ϳ20%, Table 1͒ at Site L1.
The time constant varied between 0.003 and 0.0001 s −1 with an average of about 0.001 ͓Fig. 11͑b͔͒. There are two reasons for this relatively low value: ͑1͒ because of the Type II bed response at several large bed-shear stresses, and ͑2͒ the feature of turbulent flow. The second cause will be further discussed next.
It is understood that even though the time-averaged b may remain a constant, the instantaneous b may not be, because of the nature of turbulent flows. In other words, the instantaneous b always varies with time, even though the mean b is a constant. At any particular time, the instantaneous b may be larger or smaller than the mean. Thus, there will be times when instantaneous b Ͼ e and can produce erosion. The erosion rate will be much smaller because of the short burst duration. With this information in mind, we can understand that the SSC may increase slightly with time even after the equilibrium condition was reached. During the field experiments, because the loss of SSC from leakage is much more than the gain of SSC from the temporally turbulent bursts, the slow rate of increasing SSC caused by turbulence cannot be seen.
Discussion
Although results of cr measurements at the water-sediment surface ͑z =0͒ from laboratory measurements ͑Table 2͒ were higher than those from the in situ measurements, the measured values from in situ experiments are recommended for use. This is be- Fig. 9 . Example of nearly linear increases of SSC for Type II erosion: dashed line is the fitted curve, and the solid line is a straight line cause the perfectly calm water condition used in laboratory does not exist in nature. Erosion rates from these four in situ experiments are about the same ͑Fig. 5͒, probably because of the similar sediment composition, clay minerals, and biological activities among these four sites. Although the biota present during the experimental period ͑4 days͒ was not identified, it is not expected to have a significant difference within the short distance ͑5 km͒ in this river. Notice, however, different benthic activities may alter the sediment bed properties, and, thus, affect the erosion rate.
Although the results of in situ erosion rate measurements indicate much larger erosion rates, roughly one order of magnitude higher than those from the laboratory experiments ͑see Figs. 5 and 11͒, the difference is not important because of the different experimental conditions. The same results given in Fig. 11 for Sites L2 to L5 are important. This indicates that the erosion rate responses at Sites L2 to L5 are about the same as those for Sites S1 to S4. For the upstream site L1, the erosion rate is about one order of magnitude lower than those for the other sites.
In our experiments, erosion rates for the small excess bedshear stresses represent the erosion at the newly deposited sediment. This is because the first few applied b s ͑e.g., see Fig. 3͒ are for the sediment near the original water-sediment interface. The later applied b s are for sediment beneath the surficial sediment layer. Because the later applied b s have a relatively large ⌬ b , the erosion rate for large ex s represents the erosion rate for the sediment a little far below the original water-sediment interface.
The difference between the laboratory experiments and the in situ experiments can be explained by the different vertical profiles of cr ͑z͒. Obviously, the laboratory sediment beds are significantly different from those at the field. Table 2 suggests that cr ͑z =0͒ for the laboratory beds are larger than those for the natural beds. This is possible because of an absolutely calm laboratory environment for the sediment to consolidate. There was no disturbance to the bed surface, and, thus, cr ͑z =0͒ was high. For the natural environment, there are always disturbances ͑e.g., changing of tidal flows͒ that did not allow sediment to develop high erosion resistance at the bed surface. Thus, the cr ͑z =0͒ at the water-sediment interface from the in situ experiments were smaller than those used in the laboratory experiments.
The amount of sediment used in laboratory experiments ͑around 10 gal͒, however, limits the buildup of cr ͑z͒ for large z. In other words, the cr ͑z͒ profile starts with a relatively high value at z = 0, it increases with z, but reaches a plateau ͑e.g., about 0.5 Pa; see Fig. 10͒ at a relatively small z value. For this reason, a change from Type I to Type II erosion behavior was observed. At fields, however, the sediment beneath the original watersediment interface have a much longer time for consolidation, and, thus, cr ͑z͒ for large z values are larger than the b applied from the VIMS Sea Carousel. For this reason, the field experiments only see the Type I bed erosion behavior.
Because the erosion process is fast ͑ = 0.005 s −1 ͒ and the increase of tidal force is slow during the tidal acceleration phases, the erosion process was always close to the equilibrium state while tidal flow is accelerating. This phenomenon can also be interpreted as erosion occurring when the tidal flow is accelerating ͑i.e., when b increases with time͒, and the erosion rate is close to a constant because the excess bed-shear stress b − cr ͑z͒ can only be a positive small number. During tidal deceleration phases, there is no erosion because b Ͻ cr ͑z͒. With this understanding, a much simpler version of the erosion rate formulation can be used ͑i.e., erosion rateϭconstant during tidal acceleration phases, and erosion rateϭ0 for other phases͒. Details of this concept and other proofs can be found in Maa and Kim ͑2002͒. A successful implementation of this concept to simulate the dynamics of the turbidity maximum in the York River can be found in Kwon et al. ͑2006͒.
Conclusions
The following statements are concluded from the in situ and supplemental laboratory experiments on sediment erosion characteristics in the Anacostia River: 1. The critical bed-shear stress for sediment resuspension at the water-sediment interface ͑ cr at z =0͒ was low ͑about 0.03 Pa͒ at the downstream side of the river. The value of cr increased gradually toward the upstream direction. The maximum cr that could be used for modeling sediment transport would be around 0.1 Pa on the upstream side of this river. 2. The four in situ erosion rate experiments indicated a similar response at the downstream side of the tidal Anacostia River, because of similar sediment composition, clay minerals, and benthic biota. 3. Among the five supplemental laboratory experiments, four experiments ͑L2 to L5͒ that have the similar sediment compositions also showed a similar erosion response. 4. Because of the similar erosion rate responses measured at Sites S1 to S4 and L2 to L5, results for the in situ experiments can be used directly for the entire tidal Anacostia River except where the sediment composition changed significantly at the upstream side at Site L1. 5. At the upstream side, a smaller erosion rate should be used.
The ratio of erosion rates given in Fig. 11 can be used to estimate the erosion rate for the upstream side of this river. 6. A more detailed classification of sediment bed composition and benthic biota should be conducted to better estimate the spatial and temporal variation of erosion rate. 7. The time rate constant Ϸ 0.005 s −1 for all the in situ experiments is very close to what was found in Baltimore Harbor, York River, and San Diego Bay where the sediments also have high clay content. This high value suggests that erosion is a fast process and it practically ceases after 20 to 25 min, if the applied b remains the same. 8. Because the erosion process is fast and the change of tidal erosion force is slow, erosion only occurs when the tidal flow is accelerating, and the erosion process is always close to the equilibrium state. Thus, a much simpler version of the traditional erosion rate formulation, i.e., constant erosion rate model, can be applied.
